We investigate energetic stability and dissociation dynamics of water adsorption at the LaAlO 3 surface of the n-type LaAlO 3 /SrTiO 3 (LAO/STO) interface and its effect on electronic properties of the interface by carrying out first-principles electronic structure calculations. In an ambient atmosphere at room temperature the configuration of 1 monolayer (ML) of water molecules including 3/4 ML of dissociated water molecules adsorbed at the surface is found to be most stable, the configuration of 1 ML of dissociated water molecules is metastable. Water molecule dissociation induces a shift-up of the valence band maximum (VBM) of the LAO surface, reducing the gap between the VBM of the LAO surface and the conduction band minimum of the STO. For the LAO/STO interface with three LAO unit-cell layers, once the coverage of dissociated water molecules reaches 1/2 ML the gap is closed, the interface becomes metallic and the carrier density at the LAO/STO interface increases with increasing the coverage of dissociated water molecules. Our findings suggest two ways to control the conductivity at the LAO/STO interface: (I) insulator-metal transition by adsorbing a mount of water at the bare surface; (II) carrier density change by the transition between the most stable and the metastable adsorption configurations for 1 ML coverage in an ambient atmosphere at room temperature.
I. INTRODUCTION
Two-dimensional electron gas (2DEG) at interfaces has been one of the most intriguing subjects of electronic material research. Because of its versatile and remarkable properties many attentions have been drawn from both fundamental researches and application studies. One of the key findings in this subject is that a 2DEG can be generated at the interface between two insulating metal oxides, LaAlO 3 /SrTiO 3 (LAO/STO) 1 . At the n-type LAO/STO interface between (LaO) + and (TiO 2 ) 0 layers, a high density (a few 10 13 cm −2 ) and high mobility (∼ 10 4 cm 2 V −1 s −1 ) electron gas has been realized at low temperature 1 . In addition, ferromagnetism 2 and superconductivity 3 were also reported at the same interface. As LAO and STO are two band insulators, finding the electron gas at their interface immediately triggered extensive researches to reveal the formation mechanism of the electron gas. Up to now, two mechanisms have been proposed and well accepted. One is the polar catastrophe, in which the polar electric field in the LAO film shifts up the valence band maximum (VBM) of the LAO film layer by layer and finally leads to a charge transfer from the valence band of the LAO surface layer to the conduction band of the STO 4 . It was found in Thiel et al. ' s experiment and confirmed theoretically that there is a critical thickness of the LAO film (4 unit cell) below which the interface is insulting and above which the interface becomes metallic [5] [6] [7] . The other mechanism is the role of oxygen vacancies, which were explicitly demonstrated in experiments to exist at the STO side for the samples grown at low oxygen pressures 8, 9 . Theoretical study showed that oxygen vacancies also readily form at the LAO surface and produce a carrier charge with a density of no more than half electron per u.c. area at the interface 10 .
the surface, as a result the left hydrogen atoms dope electron carriers at the interface 13 . However, first-principles electronic structure calculations have showed that regardless of the LAO thickness hydrogen adsorption on the LAO surface always induces a metallic interface 15 In this paper we present a first-principles study of electronic and structural characteristics of water molecules adsorbed at the LAO surface of the n-type LAO/STO interface, including surface atomic structures, thermodynamic stabilities, dissociation processes of water molecules, and electronic properties. We find that in an ambient atmosphere at room temperature the adsorption configuration of one monolayer (ML) of water molecules including 3/4 ML of dissociated water molecules is most stable and the configuration of 1 ML of dissociated water molecules is metastable. The dissociation of water molecules at the LAO surface can reduce and even close the gap between the VBM of the LAO surface and the conduction band minimum (CBM) of the STO, leading to a metallic interface. Remarkably, for the ground-state and metastable adsorption configurations electron carrier densities at the interface show a large difference. Based on our findings we make an attempt to reveal the mechanism of the mysterious IMT found by Cen et al..
II. COMPUTATIONAL DETAILS
We carried out first-principles electronic structure calculations within the frame of density functional theory as implemented in the Vienna ab initio simulation package (VASP) 27 . A generalized gradient approximation (GGA) 28 for exchange-correlation functional and the projector augmented wave method 29, 30 with a kinetic cutoff energy of 400 eV for the plane wave basis set were used. The n-type LAO/STO interface was modelled into a (2×2) supercell consisting of four STO(001) layers, three LAO layers, and a vacuum region of about 14Å. Various coverages of water molecules were located at the AlO 2 -terminated surface. Dipole correction was employed to correct the errors of electrostatic potential, atomic force and total energy caused by periodic boundary condition 31 .
The in-plane lattice constant of the slab was constrained at the calculated equilibrium value of STO bulk (a = 3.94Å). A (4×4×1) k-point grid was used for calculations of atomic structure optimization and a (6×6×1) k-point grid for electronic structure calculations. All atomic coordinates were fully relaxed until the atomic forces were less than 0.02 eV/Å, except for the atoms in bottom two STO layers, which were fixed in their bulk positions. A first-principles molecular dynamics simulation at T=300 K was performed to search the atomic structure of 2 ML of water molecules adsorbed at the surface. The nudged elastic band method was used to calculate reaction paths of water molecule dissociation at the surface. Relative humidity at 300K (%) The free energy of the bare surface is taken to be zero. stabilities of various adsorption configurations in an ambient atmosphere at room temperature by comparing their surface free energies. We calculated the surface free energies by employing the first-principles thermodynamics approach 24 , in which the surface is assumed to be in equilibrium with a humid ambient atmosphere characterized by the relative chemical potential of water vapor.
The most stable configuration at a given relative chemical potential minimizes the surface free energy approximately defined as
Here, E ad is the total energy of the interface with n H 2 O adsorbed water molecules per surface area
A, E bare is the total energy of the bare surface, E H 2 O(gas) is the total energy of a gaseous water 
) .
At standard pressure p
• H 2 O =1 bar the relative chemical potential can be derived using
where the enthalpy and entropy differences are obtained from thermochemical tables 32 . The ambient atmosphere at room temperature sets an upper limit for ∆µ For simplicity and clarity we first explored the dissociation process of 1/4 ML of water molecules adsorbed at the LAO surface and its effect on electronic properties of the interface system. Figure 3 (a) displays a dissociation process without energetic barrier for 1/4 ML of water molecules at the LAO surface, in which the binding energy is defined as
The intermediate state involves a four-member ring Al-Ow-H1-O1. Generally, a water molecule dissociation at metal oxide surfaces is associated with a breaking of the metaloxygen bond at the surface 17, 21, 22, 24, 33 , implying that the dissociation occurs more easily at the surface with loose metal-oxygen bonds. Indeed, the Al-O bond at the LAO surface is far weaker than that of α-Al 2 O 3 . This fact is reflected by the bond lengths in these two materials, 1.95Å
(in-plane) for the former and 1.70Å for the latter 22 . This implies that the energy cost to stretch the Al-O1 bond in the four-member ring is relatively low and can be compensated by the formation of hydroxyl O1-H1 bond. To reveal the driving force of water molecule dissociation at the LAO surface we checked on the change of electronic states of O1 atom in the molecular and dissociative adsorptions. In the molecular adsorption [ Fig. 3(b) ] the p z orbital of O1 is a non-bonding state lying near the top of valence band. While in the dissociative adsorption [ Fig. 3(c) ] the bonding state of the hydroxyl O1-H1 mixing part states of p z and p y orbitals lies at the bottom of valence band. The lower surface energy of the dissociative adsorption just arises from the falling down of band energies of these O p states. Therefore, we see in Fig. 2 that for the configuration of 1 ML coverage the surface free energy decreases with increasing the coverage of dissociated molecules up to 3/4 ML. The energy rising of 1 ML of dissociated water molecules is due to a large structural distortion at the surface. 
VI. DISCUSSIONS
The above calculated results are schematically illustrated in Fig. 7 is too large to be closed by water molecule adsorption because the VBM up-shift due to water adsorption is only about 0.6 eV. In the case of four LAO layers, the interface is already metallic and has a carrier density of 2 × 10 13 cm −2 as reported by Thiel et al. 5 , which may smooth over the carrier density change due to the different adsorption configurations.
Noticeably, besides the aforementioned mechanism of conductance change at the LAO/STO interface, our results also imply another scheme to realize a sharper switch between insulating and metal states at the LAO/STO interface with three LAO layers by adsorbing and desorbing water molecules at the LAO surface. In this scheme the insulating state corresponds to the case of bare surface and the metallic state corresponds to an adsorption configuration of 1 ML of water molecules adsorbed at the surface. The insulator-metal transition can be realized by exposing the bare surface to a water vapor and the reverse transition can be realized by desorbing the water molecules from the surface.
VII. SUMMARY
In summary, we have studied electronic and structural characteristics of water molecule adsorption on the LAO surface of the n-type LAO/STO interface by using first-principles electronic structure calculations. We found that in an ambient atmosphere at room temperature the adsorption configuration of 1 ML of water molecules including 3/4 ML of dissociated molecules is most stable and the configuration of 1 ML of dissociated water molecules is metastable. For the LAO/STO interface with three LAO layers, dissociation of no less than 0.5 ML of adsorbed water molecules results in a metallic interface, and the carrier density increases with increasing the coverage of dissociated water molecules. A structural transition between the ground-state and a metastable water adsorption configurations can induce a carrier density change at the LAO/STO interface. Our findings provide new insights into creating and modulating electron carriers at the LAO/STO interface, which hopefully prompt the application of oxide interface electronics. In addition, our results also suggest that water molecule adsorption from the ambient atmosphere should be paid particular attention for experimentally studying electronic properties of metal oxides, especially for the metal oxides with a small band gap it may dramatically change some fundamental electronic properties of the materials, for instance, insulator-metal transition.
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